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Abstract Rapid growth in the industry has released
large quantities of contaminants, particularly metal
discharges into the environment. Heavy metal poison-
ing in water bodies has become a major problem due
to its toxicity to living organisms. In this study, we
developed a 3-chloropropyl triethoxysilane incorpo-
rated mesoporous silica nanoparticle (SBA-15) based
adsorbent utilizing the sol-gel process and Pluronic
123 (P123) as a structure-directing surfactant. Fur-
thermore, the produced SBA-15 NPs were function-
alized with bis(2-aminoethyl)amine (BDA) using the
surface grafting approach. The physical and chemical
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properties of the prepared SBA-15@BDA NPs were
determined using a variety of instruments, including
small-angle X-ray diffraction (SAXS), Fourier-trans-
form infrared (FTIR), scanning electron microscope
(SEM), N, adsorption—desorption, thermogravi-
metric, particle size distribution, and zeta potential
analysis. The MSN has a large surface area of up to
574 m%/g, a pore volume of 0.57 cm?/g, and a well-
ordered mesoporous nanostructure with an average
pore size of 3.6 nm. The produced SBA-15@BDA
NPs were used to adsorb selectively to lead (Pd*")
ions from an aqueous solution. The adsorption study
was performed under various conditions, includ-
ing the influence of solution pH, adsorbent dose,
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adsorption kinetics, adsorption selectivity in the pres-
ence of competing metal ions, and reusability. The
results of the kinetic study demonstrated that SBA-
15@BDA NPs absorb selectively Pb>* ions via chem-
isorption. The SBA-15@BDA NPs show Pb*" ions
with a maximum adsorption capacity of ~88% and
an adsorbed quantity of approximately ~112 mg/g
from the studied aqueous solution. The adsorption
mechanism relies on coordination bonding between
Pb** ions and surface-functionalized amine groups
on SBA-15@BDA NPs. Furthermore, the proposed
SBA-15@BDA NPs adsorbent demonstrated excel-
lent reusability over five cycles without significantly
reducing adsorption performance. As a consequence,
SBA-15@BDA NPs might serve as an effective
adsorbent for the selective removal of Pb** ions from
aqueous effluent.

Keywords Mesoporous silica adsorbent - Surface
functionalization - Metal adsorption - Kinetic study -
Recyclability

Introduction

Water contamination is a global concern that affects
the lives of millions of people worldwide. It is a major
global risk factor for infections, diseases, and deaths,
while also reducing the amount of clean drinking
water available worldwide (Ashbolt, 2004). Heavy
metal poisoning of water resources has long been a
serious environmental issue (Plessis, 2022), as they
are toxic and carcinogenic contaminants that may
accumulate in organisms and infiltrate the food chain
(Briffa et al., 2020; Parambadath et al., 2011). Toxic
heavy metals such as cadmium (Cd), arsenic (As),
lead (Pb), mercury (Hg), chromium (Cr), zinc (Zn),
copper (Cu), and nickel (Ni) have been identified as
the primary contaminants in water reservoirs (Angon
et al., 2024; Moorthy et al., 2013a; Nagappan et al.,
2013; Zhang et al., 2023). Such pollutants can
disturb the enzymatic systems of people and animals,
jeopardizing their health.

Lead (Pb) is one of the most poisonous metals,
with harmful effects on both the environment and
humans. Lead ion (Pb*") is discharged into the
environment directly or indirectly through industrial
wastewater from mining, metallurgical industries,
batteries and stabilizers, and alloys (Harikrishnan
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et al., 2024; Moorthy et al., 2013b; Raj & Das, 2023;
Reddy et al., 2023). The accumulation of Pb>* ions
in the human body, particularly in the kidneys, may
cause organ dysfunction. Lead poisoning can also
destroy red blood cells and testicular tissue, as well
as lung illness and excessive blood pressure (Bhasin
et al., 2023; Moorthy et al., 2013c). Because of the
significant consequences of lead contamination,
the World Health Organization has established
0.005 mg/L as the acceptable lead content in drinking
water. One of the most essential measurements in
water purification is to develop an effective process
for removing lead ions from the aqueous medium
to avoid detrimental effects on the environment and
ecological system (Mitra et al., 2022).

There are several techniques were adopted for the
removal of heavy metal ions including adsorption,
reverse osmosis, solvent-based extraction, membrane
processes, ion exchange, evaporation, and chemical
precipitation are popular techniques for removing
heavy metals like cadmium from polluted water
(Aziz et al.,, 2023; Collin et al., 2022; Moorthy
et al., 2013d). Most of these methods are inefficient
and produce a large volume of sludge. Among
various techniques, the adsorption process is widely
employed due to its simplicity, adaptability, cost-
effectiveness, insensitivity to contaminants, absence
of dangerous chemical production, and capacity to be
recycled for reuse (Kumar et al., 2023; Singh et al,,
2024).

Solid-phase extraction, which is based on
the retention of analytes on solid sorbents, is a
particularly successful preconcentration approach due
to its rapid adsorption, simplicity, and productivity,
as well as its high preconcentration factor (Moorthy
et al., 2018; Tahreen et al., 2020; Taslima et al.,
2022). In the recent decade, different solid sorbents
such as activated carbon (Venugopal et al., 2023),
porous and/or functional polymers (Fu & Wang,
2011), and modified silica gels (Moorthy et al., 2013e;
Santhamoorthy et al., 2023a) have been developed for
the preconcentration and/or adsorption of metal ions
and/or organics. The sorbents have desired features
such as ease of regeneration and quick, quantitative
adsorption.

Among the range of solid-state adsorbent
materials, mesoporous silica-based  adsorbent
materials are considered effective adsorbent because
of their excellent physicochemical characteristics
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such as highly ordered pore structures and uniform
pore sizes (Moorthy et al., 2017a). Two-dimensional
(2D) hexagonal Santa Barbara Amorphous (SBA-
15) is a mesoporous silica with a controllable pore
size and high specific surface area (Moorthy et al.,
2016a). Because of its high adsorption ability, SBA-
15 may be employed to adsorb heavy metal ions.
According to reported studies, organic-functionalized
silica nanoparticles surpass unmodified mesoporous
molecular sieves in terms of adsorption. Because
the surface-modified functional groups can interact
with specific metal ions with respect to the nature of
ligand groups and the complexing metal ions. Thus,
the selectivity of the absorbent materials could be
tunable by grafting the surface of the adsorbents
using the desired ligand functionalities. Meanwhile,
amine-functionalized materials have been shown to
have a greater adsorption capacity than unmodified
silica nanoparticles (Bharathiraja et al., 2016;
Liosis et al., 2021). Because the functional group
modifications (-NH, or —SH moieties) allow these
groups to form complexes with specific heavy metal
ions (Bharathiraja et al., 2017; Liu et al., 2022). The
amine-modified SBA-15 has considerably enhanced
adsorption affinity and recyclability because the
—NH, modification improves bonding strength with
Pb>* ions (Petrovic et al., 2022).

In this work, 3-chloropropyl triethoxysilane
incorporated mesoporous silica (SBA-15) has been

synthesized utilizing the sol-gel process based on
acidic hydrolysis. The bis(2-aminoethyl)amine (BDA)
was then functionalized on the surface of the SBA-
15 nanoparticles using a post-surface modification
method. The BDA-functionalized SBA-15 (SBA-
15@BDA NPs) was described utilizing a variety of
instrumental characterizations. Furthermore, the
metal ion adsorption efficiency of the produced SBA-
15@BDA NPs was determined utilizing a variety of
metal ions, including divalent metal ions (Pb>*, Ni’,
Co”*, Cd**, Zn** ions) and common metal ions (Na*,
K*, Ca**, and Mg?"). Furthermore, the adsorption
properties were investigated under various conditions,
such as the influence of solution pH, adsorbent
dose, contact duration, and metal ion combination.
Furthermore, kinetic investigations were carried out
to investigate the adsorption mechanism of SBA-
15@BDA NPs towards the specified metal ions in an
aqueous solution.

Experimental

Reagents

3-chloropropyl triethoxysilane (CPTES, 95%),
tetraethylorthosilicate (TEOS, 98%), polyethylene

oxide-polypropylene oxide-polyethylene  oxide
(P123, 97%), bis(2-diaminoethyl)amine (BDA,

@ Springer
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98%), ethanol (99%), hydrochloric acid (HCI, 36%),
and metal nitrate salts were purchased from Sigma
Aldrich Chemicals (USA). All the reagents were used
as received without further purification. The metal
ion stock solutions were prepared by dissolving the
appropriate metal salt in deionized water and stored at
4 °C. The initial metal ion concentration of the stock
solution was prepared with 1 g/L and the appropriate
dilutions were performed for the further experimental
study.

Preparation of SBA-15 NPs

The synthesis of SBA-15 NPs and its surface
modification was performed following the reported
literature with slight modifications (Manivasagan
et al., 2017a). The mesoporous silica (SBA-15) was
prepared utilizing Pluronic P123 as a structure-
directing agent using tetraethyl orthosilicate and
CPTES (80:20 wt/wt%) mixture as a silica source.
Pluronic surfactant was dissolved in 45 mL deionized
water containing 3 g HCl under magnetic stirring at
40 °C for 30 min.

After generating a homogenous solution, TEOS
(1.5 mL) was slowly added to the surfactant medium
while vigorously stirring and further the reaction
suspension was allowed for 24 h at 45 °C. Conse-
quently, the obtained white suspension was allowed
to crystallize under static hydrothermal conditions at
90 °C. The crystalline product was filtered, washed
with water, and dried at 60 °C (Moorthy et al., 2013f,
2016b). The occluded surfactant was removed by
the solvent extraction process by treating the powder
sample with acidified ethanol and ammonium chlo-
ride (Scheme 1, Step-1).

Surface immobilization of BDA onto SBA-15 NPs

About 1 g of extracted SBA-15 material was
homogenized in ethanol (50 mL). To this, about
1 mL of bis(2-aminoethyl)amine was added, and the
resulting suspension was stirred at 70 °C for 24 h in
the presence of triethylamine. After the reaction was
completed, the product was filtered, washed with
ethanol, and dried at 60 °C (Du et al., 2023; Moorthy
et al., 2017b). The obtained sample was labeled SBA-
15@BDA NPs (Scheme 1, Step-2).

@ Springer

Characterization

The surface modified functional groups were
determined by Fourier transform infrared (FTIR)
spectroscopy (Thermo Nicolet 360 instrument).
Small-angle X-ray scattering (SAXS) measurements
were  performed at  Pohang  Accelerator
Laboratory (PAL, Pohang, Korea, 4-16 keV;
CoK radiation=1.608). The organic functional
group content in the sample was determined using
thermogravimetric analysis (TGA, NETZSCHSTA
409 TG-DTA, Germany). N, adsorption—desorption
analysis was performed using a Micromeritcs Tristar
3000 analyzer at 77 K. Specific surface areas were
calculated using the Brunauer—-Emmett—Teller (BET)
method. Pore volumes and pore size distributions
were determined from the adsorption branches of
isotherms using the Barrett—Joyner—Halenda (BJH)
model. The particle size distribution and surface
charge of the nanoparticles were determined using
the zeta potential analyzer (Malvern, Zetasizer).
An inductively coupled plasma optical emission
spectroscopy (ICP-OES) was used to determine the
metal ion concentration in the aqueous solutions.

Adsorption experiments

For the metal ion adsorption experiments, SBA-15@
BDA NPs were used as adsorbent. All the metal
ion stock solutions were prepared by dissolving
appropriate metal salts in deionized water with a
solution concentration of 1000 mg/L. To evaluate
the adsorption performance of SBA-15@BDA
NPs towards Pb** ion solution, the various factors
including solution pH, contact time, and the selective
adsorption in the presence of competitive metal ions,
and adsorbent dosage, respectively, and recyclability,
were determined using 0.1 g of SBA-15@BDA NPs
adsorbent in 10 mL of metal ion solution (100 mg/L)
(Scheme 1, Step-3).

PpH effect

For the experiment, approximately 0.1 g of SBA-
15@BDA NPs were used and the volume of Pb**
ion solution was 10 mL (100 mg/mL). The solution
pH value was adjusted to 3, 5, 6.5, 7.5 and 9.0. The
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adsorbent suspension was shaken at 150 rpm at
25 °C. The reaction contact time was 60 min.

Adsorption kinetics

To carry out this study, approximately 0.1 g of
SBA-15@BDA NPs were suspended in the Pb>*
ion solution (10 mL, 100 mg/L). The adsorbent
suspension was shaken at 150 rpm at 25 °C. About
10 mL of Pb’* ion solution was sampled every
specific time. The Pb** ion concentrations were
estimated by ICP-OES spectrometry. Removal
efficiency (R.) and adsorption capacities (q,, mg/gh)
were calculated by the following equation.

. CO - Ce
Removal efficiency (% ) = < x 100
0

ey

CO_Ce
m

XV

Adsorption capacity (q,) = )

where C,: initial metal ion concentration; C.:
equilibrium metal ion concentration; V: volume of the
solution; m: adsorbent weight.

The kinetic study on the Pb’* ion adsorption
was performed by using the pseudo-first-order and
pseudo-second-order models. Furthermore, the
Langmuir and Freundlich models were adopted to
determine the adsorption isotherm models. The
adsorption efficiency of the SBA-15@BDA NPs
was determined using various concentrations of
metal ions. For the kinetics experiment, SBA-15@
BDA NPs (0.1 g) were immersed in the different
concentrations of Pb>* ion solution (10, 20, 50, 75,
100, and 150 mg/L), respectively. The solution
pH was adjusted using HCI or NaOH solution. The
selective adsorption efficiency of the SBA-15@
BDA NPs was determined in the presence of other
competing metal ions. All the other experimental
conditions were similar to the kinetic experiments.
ICP-AES was used to determine the equilibrium
concentration of metal ions. The selective adsorption
of Pb>* ions on SBA-15@BDA NPs was depicted in
Scheme 1.

@ Springer
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Adsorption—desorption study

The recyclability of the adsorbent is considered an
important factor in determining its efficiency. There-
fore, the recyclable capacity of the SBA-15@BDA
NPs was examined using a sequence of adsorp-
tion—desorption experiments. To perform this experi-
ment, Pb>* ion adsorbed SBA-15@BDA NPs (0.1 2)
were treated with HCI solution (0.1 M) to remove the
adsorbed Pb** ions. The acid-treated SBA-15@BDA
NPs adsorbent was then washed with deionized water
and dried at 60 °C. Next, the regenerated adsorbent
was utilized for the subsequent adsorption cycle.

@ Springer

Results and discussion
Characterization of the SBA-15@BDA NPs

The formation of ordered mesoporous structured
material was verified using SAXS analysis. As shown
in Fig. 1a, the SAXS pattern of the BDA functional-
ized SBA-15@BDA NPs had three scattering peaks
(100), (110), and (200) reflections confirming the
formation of a well-ordered mesoporous structure
material. The peak intensity of (100) is well-resolved
in the SBA-15@BDA NPs, confirming that the meso-
structured order is retained during the surface grafting
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process of BDA groups (Oh et al., 2017). This result
evidenced that the BDA groups can be modified with-
out blocking the mesopores.

The presence of surface functionalized organic
groups in the SBA-15@BDA NPs was determined
using FTIR analysis. As observed in Fig. 1b, the
FTIR analysis of SBA-15@DBA NPs has prominent
stretching peaks at 983 cm™' and 1027 cm™
indicating the stretching vibrations of Si—-O-Si and
Si-OH groups. Furthermore, the SBA-15@BDA
NPs exhibited the typical C-H peaks at 2890 cm™!,
and 2920 ¢cm™', which represent the C—H stretching
of alkyl carbon groups. Furthermore, the typical
bands at 1492 cm™!, and 1523 cm™!, as well as a
broad peak at 2712 cm~'-3170 cm™! assigned to
C-N and N-H stretching, evidencing that BDA
groups were successfully immobilized onto the
surface of the SBA-15@BDA NPs (Manivasagan
et al., 2017b; Phan et al., 2018). Figure 1c shows
the N, adsorption—desorption isotherm curves for
the mesoporous structured SBA-15@BDA NPs.
As displayed in Fig. 1c, d, the SBA-15@BDA NPs
showed a type IV isotherm curve with H1 hysteresis
representing the formation of typical mesoporous
structured materials. The calculated surface area,
pore size, and mesopore volume of the SBA-15@
BDA NPs are 574 mz/g, a pore volume of 0.57
cm®/g, and a pore size of about 3.6 nm, respectively
(Santhamoorthy et al., 2022).

Furthermore, the SEM analysis was carried out to
evaluate the particle morphology and particle size.
As shown in Fig. 2a, the SEM images showed SBA-
15@BDA NPs exhibited a flakes-like particle, with
an average particle size of about ~150 nm in size
(Fig. 2a). The particle size of the SBA-15@BDA NPs
was further estimated using particle size analysis. As
displayed in Fig. 2b, the SBA-15@BDA NPs had a

Time (min)

120
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& 80+
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= 604
=y
@
5 401 ——10 mg/L
< w—20 mg/L
20 —%— 50 mg/L
—&— 75 mg/L
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Fig. 5 Effect of adsorption on the SBA-15@BDA NPs from
various initial metal ions solution concentrations, respectively.
Initial metal ions concentration: 10 -100 mg/L, adsorbent dose:
0.1 g, shaking rate: 150 rpm, 25 °C

particle size in the range between 120 and 450 nm
with an average particle size of about~ 160 nm. Fur-
thermore, the surface charge of the SBA-15@BDA
NPs was determined using zeta potential analysis.
As shown in Fig. 2c, the SBA-15@BDA NPs had
positive zeta potential values +37 mV, +34 mV,
+25 mV at pH 3, 5, 6.5, and negative zeta potential
of about —32 mV, —35 mV respectively, at pH 7.5
and 9, representing that the SBA-15@BDA NPs have
a high content of amine groups on the surface of the
SBA-15@BDA NPs (Thirupathi et al., 2022). The
higher content of amine groups becomes protonated
under higher acidic pH conditions. Therefore, the
SBA-15@BDA NPs showed higher positive charge
under reduced pH circumstances. The presence of
surface-functionalized organic content in the SBA-
15@BDA NPs was determined using TGA analysis.
As shown in Fig. 2d, the SBA-15@BDA NPs had a
cumulative weight loss of about ~17.5 wt%, in the

@ Springer



Environ Geochem Health (2024) 46:357

357 Page 8 of 14
1.0 —&—10 mg/L
—&— 50 mg/L
0.84 —4&—100 mg/L
) Fitted (10 mg/L)
Fitted (50 mg/L)
» 0.6 —— Fitted (100 mg/L)
g
S 0.4-
0.2
0.0 —A
0 10 20 30 40 50 60
Time (min)

Fig. 6 Adsorption kinetics of the SBA-15@BDA NPs in dif-
ferent concentrations of initial metal ions solutions of Pb**
ions solution. Initial metal ions concentration: 15, 50 and
100 mg/L, adsorbent dose: 0.1 g, shaking rate: 150 rpm, 25 °C

Table 1 The pseudo-second-order rate constant of adsorption
kinetics of SBA-15@BDA NPs in aqueous Pb>* ions solutions

temperature range between 100 and 650 °C, indicat-
ing the thermal decomposition of surface-modified
amine functionalities.

Batch adsorption studies
Effect of solution pH

The effect of pH of the adsorption medium was deter-
mined at different pH levels, a Pb%* ion solution
(10 mL, 100 mg/L) was suspended with SBA-15@
BDA NPs, and the medium pH was adjusted appro-
priately (pH 3, 5, 6.5, 7.5 and 9) at 25 °C. As shown
in Fig. 3a, the SBA-15@BDA NPs showed high Pb>*
ion adsorption efficiency (~86%) and the adsorption
capacity (112 mg/g) when the solution pH was main-
tained at pH 6.5 (Fig. 3b). Interestingly, the Pb** ion
adsorption was gradually increased from pH 3 to 7
and then the adsorption was decreased considerably

Initial conc. of metal ions K, (2/mg/min) R? when the solution pH was attained to basic pH (pH
(mg/L) 8).
PL2* Pb2* Therefore, the adsorption studies were performed
25 3.8%10°3 0,993 ?t pHd6.5.tfl"hesef resilts mglfa.te that t(ile C?I;lpetl—
50 5.8x10° 0.996 Wezf .sorp %on of protons ( ¥0ns) and metal ions
3 (Pb“™ ions) in the aqueous solution affects the chela-
100 6.2x107" 0.981 . . . . 24
tion between the functional ligand sites and Pb
ions. Under reduced pH conditions, the amine groups
Fig. 7 Equilibrium iso- (a) (b)
therm of SBA-15@BDA 12 1.5
NPs for Pb?* ion adsorp-
tion by the a Freundlich 0.9 1.2
isotherm and b Langmuir B S
models, respectively. Initial g 2 0.9
metal ions concentration: ~ 0.6 = i
10-100 mg/L, adsorbent %. ] f; 0.64 S
dose: 0.1 g, shaking rate: 03 : e o e Sponet
150 rpm, 25 °C ] s coutas 0.34 S| O
0.0 . . . . 0.0 . . . .
0 25 50 75 100 0 25 50 75 100
¢, (mg/L) ¢, (mglL)
Table 2_ Langmuir. and Langmuir Freundlich
Freundlich adsorption
isotherm parameters of Adsorbent (mg/lg K. (L/mg) R>  1n Ky (ng/g)/ R’
SBA-15@BDA NPs for n (MEE LEmE PSS
b2+ (mg/mL))
rons SBA-15@BDA/Pb** 112 5.9 099 167 42 0.94
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become protonates and thus limit the adsorption
process (Thirupathi et al., 2023). In contrast, as the
pH increased, the protonated amine groups became
deprotonate, which in turn, increased the metal ion
adsorption at higher pH conditions (Moorthy et al.,
2014a). These study results confirmed that the solu-
tion pH was a key parameter determining the adsorp-
tion efficiency of metal ions.

Effect of contact time

The effect of metal ion adsorption concerning the
contact time was studied at different times (0, 15, 30,
45 and 60 min), respectively, with the fixed dosage of
SBA-15@BDA NPs (0.1 g) and the Pb”* jons solu-
tion (10 mL, 100 mg/L). As shown in Fig. 4, the Pb**
ion adsorption was increased gradually with respect
to the contact time.

As observed in Fig. 4a, quick adsorption was
attained in the initial 15-30 min, and about ~80%

100 4

80

60 4

404

Adsorption (%)

20

003 006 009 012 0.15 0.18
Adsorbent dose (g)

Fig. 8 Dose-dependent adsorption behavior SBA-15@BDA
NPs on Pb>* ions. Initial metal ions concentration: 100 mg/L,
adsorbent dose: 0.025, 0.05, 0.075, 0.1, and 0.15, shaking rate:
150 rpm, 25 °C

of the Pb** ion adsorption was achieved in 30 min.
Adsorption gradually attained equilibrium in 45 min
with the maximum adsorption of Pb** ions at about
86% with the maximum adsorption amount of
Pb>* ions estimated to be 112 mg/g (Fig. 4b). The
adsorption capacity of the SBA-15S@BDA NPs was
determined by the content of surface functionalized
organic ligand groups, which are responsible
for removal of metal ions from aqueous solution
(Moorthy et al., 2014b).

Effect of initial metal ion concentration

SBA-15@BDA NPs’ adsorption efficiency was
assessed using Pb** ion solutions at various start-
ing metal ion concentrations (10, 20, 50, 75, and
100 mg/L). As shown in Fig. 5, SBA-15@BDA NPs
(0.1 g) showed improved Pb>" ion adsorption capa-
bilities when the starting Pb>* ion solution concentra-
tion in the adsorption medium was low (10, 20, and
50 mg/L, respectively). Because of their enhanced
amine groups, SBA-15@BDA NPs effectively adsorb
Pb>* ions from solutions containing 10-50 mg/L
(Fig. 5). On the other hand, when the initial metal
ion concentration was increased to 75 and 100 mg/L,
the adsorption capacity of the SBA-15@BDA NPs
was somewhat reduced. This may be explained by
the higher concentration of Pb** ions in the original
solution. As can be observed in Fig. 5, from the start-
ing metal ion concentrations of 10, 20, and 50 mg/L,
respectively, the SBA-15@BDA NPs adsorb about
100%, 95%, and 90% of Pb** ions. When Pb** ion
concentrations start off higher than 100 mg/L, the
adsorption trend reaches equilibrium. SBA-15@
BDA NPs (0.1 g) effectively eliminated around 86%
of Pb’* ions from a solution with low concentra-
tion (Park et al., 2014). Because the adsorbent and

Fig. 9 Selective adsorption (a) (b) 140
of Pb** ions from a heavy 100 120
metal ions, and b common 5 ]
cations, respectively < 804 E, 100 -
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3 e 601
° o
] 40 2 40
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Fig. 10 Recyclable efficiency of the SBA-15@BDA NPs
under repeated adsorption—desorption process. Initial metal
ions concentration: 100 mg/L, adsorbent dose: 0.1 g, shaking
rate: 150 rpm, 25 °C

adsorbate interact differently, the SBA-15@BDA NPs
showed varying adsorption capacities towards Pb>*
ions.

Consequently, the pseudo-first-order and pseudo-
second-order models were used to calculate the
adsorption kinetics of Pb*" ions, respectively, using
the following equations.

k1
dq/dt =1 -t
q/ g€~ 523 (3)

t/q = 1/kq + t/q, )

where q, (mg/g) and q, (mg/g): equilibrium adsorp-
tion dosage and equilibrium adsorption capacity at
random time t (min), respectively. k; (min™1), k, (g/
mg/min): the adsorption rate constant of the two
models, respectively.

The adsorption kinetic data were fitted to Egs. 1
and 2 and shown in Fig. 6. In addition, Table 1 lists

the determined kinetic parameters. The pseudo-
second-order model has a higher correlation coeffi-
cient (R?) value for Pb>* ions (0.992) compared to
the pseudo-first-order model. The experimental data
demonstrated that the adsorption process closely
resembles the pseudo-second-order model, imply-
ing that the adsorption of Pb>* ions on the SBA-
15@BDA NPs surface may constitute a rate-limit-
ing phase via chemical adsorption.

Adsorption isotherms

Freundlich and Langmuir, as well as adsorption
isotherm models, were utilized to standardize the
adsorption results. Figure 7 shows the adsorption
isotherms of SBA-15@BDA NPs for Pb*" ions
at equilibrium concentration. The Freundlich and
Langmuir adsorption models were determined using
the following equations (Santhamoorthy et al.,
2023b). Table 2 shows the estimated Freundlich and
Langmuir constants.

g = Kp+ cl/? Q)

9e = qu<LCe/1 + KLCe (6)

where c.: equilibrium concentration of adsorbate;
g.: adsorbed amount in the equilibrated solution; q,,
(mg/g): theoretical maximum adsorption capacity; Ky
(mg/g)(L/mg)(1/n): Freundlich constant; K; (L/mg):
Langmuir isotherm constant; n: adsorption intensity.
As shown in Table 2, the R? value for the
Langmuir model (0.99) was close to 1 and larger
than the R? value for the Freundlich model (0.99),
indicating that the Langmuir plot had a good linear
relationship (Table 2). The SBA-15@BDA NPs
were found to have higher Pb** ion adsorption, with

Table 3 The adsorption

. Adsorbents Adsorption capacity References

capacity of the SBA-15@ (mg/g)

BDA NPs with the other

adsorbent materials For Pb2* ions:
Activated carbon 33.6 Zhang et al. (2016)
Alginate-chitosan composite 90.8 Kobya et al. (2005)
Fe;0,@APS@AA-co-CA MNPs 29.6 Hamza et al. (2021)
Poly (amide-hydrazide-imide)s containing 79.6 Ge et al. (2012)

L-aspartic acid

HEMA-PGMA functionalized DETA 35.9 Vakili et al. (2015)
Functionalized Fe;0,@Si0, @HA NPs 112 This work
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values of ~112 mg/g. These suggest that the SBA-
15@BDA NPs may be used for selective adsorption
of Pb>* ions from an aqueous solution.

Dose-dependent adsorption capacity

Using Pb*>* ion solutions with concentrations of
100 mg/L, at 25 °C, various adsorbent doses (0.025,
0.05, 0.75, 0.1, and 0.15 g), respectively, were used
to assess the influence of adsorbent dose on the
adsorption of Pb** ions on SBA-15@BDA NPs. With
higher adsorbent dosage, the SBA-15@BDA NPs
demonstrated improved metal ion adsorption effi-
ciency, as seen in Fig. 8. With an adsorption amount
of ~112 mg/g Pb>* ions, the equilibrium adsorption
capacity of Pb** ions was around ~86%. According
to the study, the SBA-15@BDA NPs (0.1 g) may
effectively adsorb up to ~86% of the Pb>" ions from
the initial metal ion solution (100 mg/L) at concentra-
tions. Because surface functionalized amine groups,
which are responsible for metal ion adsorption from
aqueous solutions, are more abundant in SBA-15@
BDA NPs, a higher adsorbent dose (0.15 g) led to
increased Pb** ion adsorption.

Adsorption selectivity

The selective adsorption behavior of SBA-15@
BDA NPs towards Pb*" ions was determined in
the presence of other competing heavy metal ions
(Pb**, Ni**, Co**, Cd**, Zn** ions) and common
metal ions (Na*, K*, Ca’*, and Mg>*) present in
the initial solution. Figure 9 shows the SBA-15@
BDA NPs displayed higher adsorption selectivity,
and adsorption capacity (Fig. 9a, b) towards Pb>*
ions in an aqueous solution containing a mixture of
heavy metal ions and common cations. In the ini-
tial solution containing common metal ions (Na*,
K*, Ca®*, and Mg?*) and competing heavy metal
ions (Pb**, Ni**, Co?*, Cd**, and Zn*"), the pref-
erential adsorption behavior of SBA-15@BDA
NPs towards Pb>" ions was ascertained. Figure 9
illustrates that in an aqueous solution comprising
a combination of heavy metal ions and common
cations, the SBA-15@BDA NPs demonstrated bet-
ter adsorption selectivity (Fig. 9a) and adsorption
capacity (Fig. 9b) towards Pb>* ions. However, the
presence of additional interfering metal ions barely
reduced their selectivity. These results verified that

the selective adsorption of Pb** ions was not con-
siderably hampered by the other competing metal
ions (Mohan et al., 2024).

The amount of Pb>* jons adsorption from the
interfering metal ion solution was determined to be
~ 112 mg/g Pb*" ions. However, as can be seen in
Fig. 9b, the SBA-15@BDA NPs had a significantly
lower adsorption capability than the other
heavy metal ions that interfered. These results
demonstrate that, in comparison to other metal
ions, the amine functional groups in SBA-15@
BDA NPs have a significantly higher complexation
affinity towards Pb*' ions. Because they formed
a more stable combination with the Pb** ions,
the SBA-15@BDA NPs demonstrated greater
selectivity toward Pb>* jons (Manoj et al., 2023).

Reusability study

The SBA-15@BDA NPs’ reusability efficiency was
assessed by subjecting the 0.1 g of SBA-15@BDA
NPs adsorbent to solutions containing Pb>* ions.
The adsorbed metal ion was then leached out by
treating the metal adsorbed samples with HCI solu-
tion (10 mL, 0.1 M), which was separated, rinsed
with water, and neutralized with NaHCO; (0.1 M).
Next, the metal ion adsorbed SBA-15@BDA NPs
were isolated from the adsorption medium. In the
following adsorption cycle, the sample of SBA-
15@BDA NPs that had been regenerated was used.
The effectiveness of SBA-15@BDA NPs’ adsorp-
tion and desorption is shown in Fig. 10. SBA-15@
BDA NPs demonstrated nearly five consecutive
adsorption—desorption cycles, as shown in Fig. 10,
without significantly decreasing Pb>* ion adsorp-
tion capabilities. These findings indicate that the
SBA-15@BDA NPs might be utilized as a reusable
adsorbent for at least five consecutive adsorption
processes (Table 3).

Conclusions

In conclusion, in this work, functionalized SBA-
15@BDA NPs with amine groups were synthe-
sized and their selective metal adsorption effective-
ness was investigated. Instrumental techniques were
used to characterize the prepared SBA-15@BDA
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NPs. The study investigated the adsorption selectiv-
ity of SBA-15@BDA NPs under various conditions,
such as solution pH, contact time, adsorbent dos-
age, and interfering metal ions. Even in the presence
of other competitive metal ions, the SBA-15@BDA
NPs demonstrated preferential adsorption efficiency
towards ~86% Pb%* ions, with maximum adsorption
of ~112 mg/g Pb** ions at pH 6.5. Furthermore, the
presence of other competing metal ions had no notice-
able impact on the selective adsorption efficiency of
SBA-15@BDA NPs. Additionally, the results of the
pseudo-second-order kinetics investigation and the
Langmuir isotherm show that the SBA-15@BDA
NPs exhibit monolayer adsorption behavior. The find-
ings of the adsorption—desorption process show that
there is no significant reduction in adsorption effi-
ciency when the SBA-15@BDA NPs is regenerated
and reused up to five times. As a result, Pb** ions
from aqueous solutions may be selectively adsorbed
using the SBA-15@BDA NPs.
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